We consider the maximal N −extended supergravity theory in 3 dimensions with fermionic generators transforming under real but non necessarily irreducible representations of the internal algebra. We obtain the symmetry algebra at null infinity preserving boundary conditions of asymptotically flat solutions, i.e. the maximal N −extended super-BMS 3 algebra, which possesses non-linear correction in the anti-commutators of supercharges. We present the supersymmetric energy bound and derive the explicit form of the asymptotic Killing spinors. We also find the most generic circular symmetric ground state of the theory, which corresponds to a non-supersymmetric cosmological solutions and derive their entropy. .
Introduction and Summary
(Super)gravity theories in three dimensions have many interesting features. First and foremost, the vanishing of the Weyl tensor in 3D implies a decomposition of the Riemann tensor R µνρσ into the Ricci tensor R µν and Ricci scalar R. Solutions with zero cosmological constant hence are always locally (in a neighborhood of any point) Minkowski spacetime, since they satisfy the dynamical equation R µν = 0. Thus asymptotically flat solutions of Einstein's equations in 2+1 dimensions possess no local degrees of freedom. In other words, gravitational radiation (or propagating gravitons) are not solutions of the classical (or quantum) theory 5 . Nevertheless, a large variety of gravitational solutions exists whenever global topological structures, such as the holonomy of the manifold are considered. If the holonomy of the spacetime is trivial, then a single coordinate patch parametrizing the neighborhood of a point with metric η µν can be extended globally. If the holonomy is non-trivial as non-contractible cycles exist in the manifold, a single coordinate patch fails to cover the whole spacetime. Thus in this case the global solution differs from η µν . Hence solutions of 3 dimensional (super)gravity can be classified by their holonomy structure. A detailed analysis can be found in [1] and references there in. Other interesting features of asymptotically flat solutions of 3D (super)gravity are related to its asymptotic structure. Whenever asymptotically flat spacetimes with nontrivial holonomies (or equivalently conical singularities) are considered it is not possible to define linear momentum and supercharges at spacelike infinity [2, 3] . On the other hand it is well known that one can impose a set of relaxed boundary conditions on any N supersymmetric asymptotically AdS 3 solution such that the symmetry algebra at spacelike infinity is enhanced from SO(2, 2|2N ) to the (N , N ) super-Virasoro algebra. Similar symmetry enhancements occur for 3D flat gravity at null infinity, where the group of asymptotic symmetries is enhanced to the infinite dimensional BMS 3 symmetries [4, 5] , specifically the semi-direct product of supertranslations (translations along the null-time coordinates), super-rotations (conformal reparametrizations of the circle) [6] [7] [8] . As it turns out, the BMS 3 algebra can be obtained by taking a ultrarelativistic limit, known mathematically as aİnönü-Wigner contraction of the infinite dimensional Virasoro algebra [9] , a feature clearly special to the 3 dimensional case. Even more curiously the non-relativistic limit of the Virasoro algebra gives rise to the so-called Galilean Conformal Algebra [10] , which is isomorphic to the BMS 3 algebra. This feature fails to be true when one includes supersymmetry [11, 12] and higher-spin fields [13] in the theory as problems of unitarity might arise [12, 14] . Supersymmetric extensions of these asymptotical symmetry algebras of supergravity solutions have been studied in detail [12, 15] . Specifically, the N = 1 [15] , N = 2 [14, 16] and N = 4 [17] BMS 3 were obtained by the conservative approach of direct asymptotic symmetry analysis of 3D flat solutions at null infinity. In this paper we will use the conservative approach of [17] , and derive the maximally N -extended super-BMS 3 algebra from a precise asymptotic symmetry analysis of the 3D solution at null infinity. New feature of this algebra are the presence of a nonabelian internal R-symmetry algebra and the fact that the spinors transform under a real and not necessarily irreducible representations thereof. The results are, for the special case of N = 8 super-BMS 3 (with SU(2) R-symmetry), in agreement with the ultra-relativistic (unitary) democraticİnönü-Wigner contraction of the corresponding super-Virasoro algebras presented in [12] . Similar constructions for asymptotic AdS supergravity solutions were presented in [18] , in which the supergenerators anticommutators were shown to close with quadratic non-linearities [19] [20] [21] . As we shall see later on, this special feature persist in our analysis (see (3.22) ).
Clearly, the non-linearities in the supersymmetry algebra have physical implications such as the raising of the lower bound of supersymmetric states energy. As usual, the bound is saturated by Minkowski space which is a ground state of the theory with trivial holonomy but other solutions whose global structure is non-trivial do exists. These are non-supersymmetric cosmological solutions, satisfying the energy bound. We will study their geodesics preoperties and give their classical entropy. Our analysis follows the one performed in [16] for N = 2 super BMS 3 . The paper is organized as follows: in section 2, we review the main features of 3-dimensional (super)gravity theories. In section 3, we present the maximal N -extended non-linear super BMS 3 algebra. This is one of the main results of this paper. From the supercharges anticommutators, we derive the energy bounds focusing only on the the Neveu-Schwarz sector (anti-periodic boundary conditions for the spinors). We end this section by giving the asymptotic killing spinors of the solution at null infinity which parametrize the asymptotic supersymmetry invariance of the bosonic solution. In section 4 we study the conditions imposed by holonomy and find the most generic constant bosonic solution satisfying the energy bound imposed the asymptotic symmetry. We find classes of so-called cosmological solutions and analyze their thermodynamic properties. We conclude the paper with some discussions and open issues in section 5. In first two appendices we will list our conventions (A) and derive in detail aspects of the N = 8 Super-BMS 3 algebra when the R-symmetry group coincides with SU(2) (B). The last two appendices (C,D) are integral parts of this paper as they contain algebraic details that are suppressed for convenience in the main body of the paper.
Supergravity in 3 dimensions
Although 3D (super)gravity possesses the same conceptual hurdles of higher dimensional gravity theories and has no local bulk dynamical degree of freedom (dof), it is still a perfect laboratory to approach quantum gravity, because it is renormalizable. There are three different classical approaches to find these dof, namely : 1) Geometric Structures, 2) The ADM formalism and 3) The Chern-Simons Formalism. We recommend interested readers to look at [1, 22] and references therein for further details on these approaches. In this paper, we consider the Chern-Simons formulation of 3D gravity [23] , that we discuss briefly in this section to make this work self-contained. The reader familiar with this formulation can skip to section 3.
Chern-Simons Formulation for 3 dimensional gravity
The Chern-Simons (CS) action on a three dimensional manifold M, invariant under the action of a compact Lie group G, is given by:
Here the gauge field A is regarded as a Lie-algebra-valued one form, and , represents a non-degenerate invariant bilinear form taking values on the Lie algebra space and acting as a metric and k is level for the theory. Thus in a particular basis {T a } of the Lie-algebra, we can express A = A a µ T a dx µ . The equation of motion is simply
The general solution of the equation of motion is topological, i.e. pure gauge. Consider for instance the Poincaré group G = ISO(2, 1) and a manifold M with a boundary. The non-zero commutation relations of the Lie-algebra are: is the corresponding spin connection. The above action (2.1) then corresponds to the 3D Einstein-Hilbert action
. Thus 3-dimensional gravity invariant under the local ISO(2, 1) Poincaré group, with zero (or non-zero) cosmological constant can be cast as a 3-dimensional CS gauge theory with the same gauge group. Indeed one can show that a generic ISO(2, 1) gauge transformation parametrized by the element U = E a P a + Ω a J a , act on the gauge field as
In terms of the gravity fields (e a µ , ω a µ ) the gauge transformation reads:
which are the expected local Lorentz transformations generated by Ω a and local diffeomorphism transformations generated by E a . Recall that under a generic diffeomorphism transformation
Thus for E a = e a µ V µ and turning off the local Lorentz transformation, we can show that the difference between (2.4) and (2.6) is:
The 1st term of the RHS of the above equation, the torsion, vanishes on-shell, while the 2nd term can be identified with a local Lorentz transformation with parameter
Thus we see that, on-shell, gauge transformation of Chern Simons theory is identical to local Lorentz and diffeomorphism transformation of 3D Gravity.
We end this subsection by recalling how to find a nontrivial classical solution in this theory. Since (2.1) is a gauge theory, we first need to fix a gauge. In (u, r, φ) coordinates, for an arbitrary single valued group element U, the general solution takes the form A µ = U −1 ∂ µ U. Imposing the gauge-fixing condition ∂ φ A r = 0, the connection will have following form [24] :
where b(r) and A(φ, u) are arbitrary functions. To find A u , we recall that the gauge fixing condition ∂ φ A r = 0 must remain invariant under a new gauge transformation, for instance a time (u) evolution, i.e. ∂ u ∂ φ A u = 0. Using the equation of motion, this implies ∂ r ∂ φ A u = 0 which is solved generically by:
where B(φ, u) is an arbitrary function of φ and time representing the residual gauge freedom of the system. Similarly A(φ, u) represents the residual part of the gauge field that can not be fixed. Instead, as we shall see in the next subsection, they will give the global conserved charges and centrally extended symmetry algebra at the boundary.
Thus we see that, in a partial gauge fixed CS theory the solution will have the form
, with a = a u du + a φ dφ is a function of φ and time. In the following, we choose b(r) = e αr , α a Lie-algebra valued constant, as a proper boundary condition on the field.
Construction of Asymptotic symmetry algebra
Once a solution of CS theory is obtained, one can follow the canonical Hamiltonian approach of [25] to construct the conserved charges that correspond to the residual global part of the gauge symmetry. Here, we shall only outline the procedure detailed in the original paper and [24] .
Consider a Chern-Simons theory on a manifold Σ × R, where Σ is a compact two manifold and time is along R. In this gauge theory, one defines global charges by demanding the differentials of the generators of gauge transformations to be regular for a certain choice of boundary conditions. Thus for some arbitrary gauge transformation parameters λ a ( matrix valued function) the charge needs to satisfy:
Further assuming the parameter function λ to be independent of the gauge field that are varied at the boundary, we readily get the charge Q(λ) as, 11) where the integration constant is set to zero. It is clear from the above expression that Q(λ) is defined via the boundary value of the gauge field. Considering the example of ordinary 3 dimensional gravity that we studied in the last section in (u, r, φ) coordinate, the boundary consists of φ direction. Thus for this case, we get
As we have seen in the last section, A a (φ) is the residual part of the gauge field that remains unfixed after gauge fixing. Similarly λ a (φ) corresponds to the residual part of the gauge transformation parameters. Thus, we have constructed global charges that corresponds to the residual gauge symmetry . Expanding the boundary fields and the parameters in modes, one can find find the centrally extended algebra realized by this symmetry. We shall use this technique in the next section to construct maximal N −extended super BMS 3 algebra.
3 Maximal N −Extended Super-BMS 3 algebra with nonlinear extension
In this section, we present the maximal N − extended super-BMS 3 algebra. The maximally supersymmetric gravity theory under consideration contains one graviton e µ a , eight (independent) gravitinos among ψ 1,2 α (see below for the range of α), a set of Rsymmetry gauge fields ρ a and a set of internal gauge fieldφ a . The theory is invariant under the super-Poincaré algebra:
In the above, J n , M n denote the Poincaré generators, m, n run over (0, 1, −1). The fermionic generators r
transform under a spinor representation R of the internal algebra G, generated by R a (which are also R-symmetry generators) and S a . Generically, we can write the former generators in a representation R as (λ a ) αβ , satisfying the same commutation rules, i.e. [λ
abc are the fully antisymmetric structure constants of the G and the indices a, b, .
The metric η αβ of R can be used to raise and lower spinor indices while the trace of the basis elements can be expressed in terms of the eigenvalue of the second Casimir C ρ in the representation R. Hereα =
is a constant. This is the maximal N −extended super-Poincaré algebra in 3 dimensions. In the next section we start from a generic asymptotic gauge field and find the fall-off conditions which are consistent with the maximal N −extended asymptotic symmetry algebra. The required non-zero supertrace elements will have the following form ,
3.1 Super-BMS Algebra:
We work in the usual BMS gauge using Eddington-Finkelstein coordinates (u, r, φ).
The Chern-Simons gauge field can then be written in the basis of the global algebra generators as:
The various fields M, N , ρ a , ψ
,φ a will only depend on u and φ at null infinity and:
It is easy to see that the above gauge field encodes the asymptotic flat metric :
where γ nm is the induced metric 6 on this space : γ 00 = 1, γ 1,−1 = −2. It is obvious that the above solution is globally different from Minkowski solution 7 . Finally choosing the gauge:
M −1 , the components of the gauge field a read:
Next, we want to compute the gauge variation of this asymptotic field, generated by the most general gauge parameter:
18)
6 We can calculate the vierbeins as the coefficients of the translation generators :
The Minkowski metric in null coordinates is:
where ζ n , Υ n ,λ a S ,λ a R are scalar fixed functions of (u, φ) at null infinity 8 Now to compute the algebra, we first need to compute the conserved charges defined in (2.12). They can be obtained from the following gauge variation equation:
Using the supertraces (3.14) and the definition (2.12), we can compute the asymptotic charges Q(λ) of a 3D maximally supersymmetric asymptotically flat solution as,
Finally we derive the asymptotic algebra by using the relation
where the variation of the charge follows from (2.10). The non-zero Poisson Brackets between the Fourier modes of the charges are:
Here c M = 12k = 4/G N , k l = k l where l is the AdS radius that needs to be sent to infinity l → ∞.
and the modes are given by:
Here J n are the modes of the boundary stress tensor and act as spin two generators. Thus, we can not treat J n as the proper mode of the boundary stress tensor. The resolution to this issue is well known. The proper stress tensor modes are obtained by adding quadratic Sugawara-like terms to the modes J n . Accordingly, the modes M n also need to be shifted (see [26] ). The Sugawara-like shifts read:
The new modes satisfy the following algebra 9 ,
with other commutators being zero. This is the most generic quantum maximal Nextended BMS 3 . Here we have introduced two new central terms c J , c R in the algebra, that are allowed by Jacobi identity [12] . We also notice that with respect to the modifiedĴ n , all the generators transform transforms appropriately, and the spurious non-linear term in the [J n , ψ a m ] commutator is also eliminated. However extra non-linear terms quadratic in the S a generators still remain in the anti-commutators (see [18] for the corresponding superconformal algebras). Note that the non-linear terms are a manifestation of the generic choice of representation for the internal symmetries. Earlier non-linear extension of the BMS 3 algebra were observed in [27] , but in that case they originated by allowing fluctuation in the conformal factor of the boundary metric. In our construction, the boundary metric is always fixed to Minkowski.
We end this section with a comment on a special case of N = 8 super-BMS 3 algebra that was studied in [12] . In this case the internal gauge algebra was considered as G = SU(2) and we choose the fundamental representation F G , then (λ a ) ∼ σ a with σ a Pauli matrices satisfying {σ a , σ b } = 2iδ ab I 10 . It can be seen that for this case, the non-linear terms in the anticommutators cancel (see B). This result is consistent with the corresponding superconformal algebra [28] , that closes with out any non-linear corrections.
BMS Energy Bound
As it is well-know, supersymmetry imposes constraints on the energy of supersymmetric states. The bounds are directly obtained from the super algebra. If we focus only on the NS sector of anti-periodic boundary conditions for the fermions, the global part of the algebra consists of the following generators :
Following [15] , we consider all possible positive-definite combinations of the supercharges
which explicitly gives:
As explained in [17] , the correct bound is obtained by considering the Sugawara-shifted generators. Note that, because of the non-linear quadratic corrections the energy bound is raised, hence supersymmetric ground states must have a higher energy. It is easy to see that
, with all other fields vanishing, still saturates the bound. In this paper, we will use the above bound to constrain the general solutions of 3D supergravity.
Asymptotic Killing Spinors
In order to find fully supersymmetry backgrounds one imposes the vanishing of all the fermions and their supersymmetry variations. Among those, the first constraint simply imposes the variations of all bosonic fields to zero at null infinity whereas the vanishing of the gravitino variation constitutes the Killing spinor equations, the solutions of which parametrize the fermionic isometries of the background. Since we are interested in (3.22) symmetry at null infinity, only point to appreciate is that, as 10 σ's are different from λ's, as they are not antisymmetric.
we have seen in the previous section, we need to perform Sugawara shifts to certain generators to get the correct algebra. With this in hindsight, we begin with a modified gauge field component a φ , incorporating the Sugawara shifts in the gauge field itself, such that it produce the correct BMS 3 algebra (3.22). It takes the following form,
Thus we now analyze the fermion variations to calculate the asymptotic Killing spinors. For ψ 1 α the variation takes the form:
Similar expression holds for δψ 2 α . Setting all fermions to zero, the final variation equations for both gravitinos read:
The solutions of the above differential equations are : ρ a ρ a = −n 2 and n a strictly positive integer and λ a ρ a is imaginary or zero. These conditions are satisfied for Minkowski vacuum (ρ a = 0, M = −1) which is a fully supersymmetric solution. For n = 0, the solutions become degenerate and only half the supersymmetries are allowed.
Generic Bosonic Solutions
In this section, we shall explore a class of purely bosonic topological 3D gravity solutions, with non-trivial holonomy [9] . These solutions, as we shall see, will be cosmological in nature [29, 30] . We shall be looking for the corresponding bosonic solutions in this theory endowed with maximal N -extended supersymmetry at the null infinity . Furthermore we shall henceforth restrict our analysis to zero mode solutions, for which all dynamical fields are constants. Since the asymptotic symmetries are governed by a φ (3.25), we do not modify this field. Also, as we are looking for a pure bosonic solution, we set all fermionic components of the gauge field (3.25) to zero. Thus:
(4.27)
We also need to find the gauge transformation parameter Λ that reproduces the right conserved charge corresponding to (3.22) via the gauge variation equation (3.19) . Starting with the most generic gauge parameter (3.18) and with a bit of algebra (see appendix D for algebraic details), it can be shown that the required gauge parameter has the following form
whereas stated below (2.10), boundary (with respect to the coordinate φ) variations of the various fields in the parameter have already been set to zero. Now to present a complete stationary circular symmetric bosonic solution of this system endowed with a maximal N -extended asymptotic supersymmetry, we look at the time component a u of the CS gauge field. Few points to recall:
• to obtain the generic solution compatible with the asymptotic symmetry, we need to incorporate the chemical potentials into the system [31, 32] , which give vacuum expectation value to the time component of the gauge field a u . These potentials can also be thought of as Lagrange multiplier associated to the dynamical fields of the system defined as the coefficients of the lowest weight components of the symmetry algebra.
• as we have shown in section 2.1, the diffeomorphism transformation of gravity is equivalent to the gauge transformation of the CS gauge theory. Thus, the time evolution of the various dynamical components of a φ is generated by a gauge transformation whose components are now given by the chemical potentials (or Lagrange multipliers). This readily implies 11 that the a u will have a similar form as (4.28),
where µ J , µ M , µ a S , µ a R are the chemical potentials and their boundary variations are taken to zero. We have only turned on the chemical potentials corresponding to bosonic lowest weight generators as we are interested in pure bosonic solution. This can certainly be generalised to more generic scenario.
• finally the above solutions have to satisfy appropriate regularity constraints related to the holonomy. In particular, the regularity of the solution requires trivial holomony in presence of a contractible cycles C, i.e.
For the theory under consideration defined on a 3D manifold Σ × R we only require the holonomy along time direction to be trivial, i.e. the above condition (4.30) must be satisfied for the time component of the gauge field a u .
Once the holonomy condition (4.30) and the energy bound as given in section 3.2 is respected, we get a regular solution with required asymptotic falloff properties for our system. One last important caveat to notice is that to solve the above holonomy constraint one needs an explicit matrix representation of the symmetry generators, which in general is not known. However, as pointed out in [32, 33] , one can exploit the pure-gauge (topological) nature of the solutions to gauge away the components proportional to the supertranslation generators M and internal generators R a and S a , which do not have an explicit matrix representation. The new component of the gauge field will now depend only on the superrotations generators J (see appendix A for their explicit matrix representation) and can be used to impose explicitly the above holonomy condition. To do so, we choose the general gauge group element g = e λ 0 M 0 , which transforms the gauge field component as:
31)
whereas its time evolution from the equation of motion takes the form:
These two are identical if a u ∼ Λ(µ).
where a u is given as in (4.29). Fixing λ 0 and the chemical potential to the values: 
Finally we can impose the regularity of the solution. Specifically, the gauge field a τ = ia g u can be diagonalised with eigenvalues
Now, in order for this to have a trivial holonomy ω = ±iπm where m ∈ Z. This condition fixes the chemical potential µ J in terms of the fields and an arbitrary integer m to be: 36) and by the above set of relations (4.32) and (4.36), all chemical potentials are now fixed in terms of the zero modes of the fields. Thus we obtain the generic 3D bosonic zero mode solution given by (4.27) and (4.29) in a gravity theory with maximal bulk supersymmetry (3.13) and maximal N -extended non-linear asymptotic supersymmetry (3.22) . Since in our construction we have implicitly assumed (M − 1 48α ρ a ρ a ) > 0, the solution satisfies the energy bound (3.24) but there exist no well defined asymptotic killing spinors (3.26) . Hence this class of partially gauge fixed solutions are non-supersymmetric and nontrivial only at the boundary. The space time geometry in Bondi coordinates reads: 37) where,
The chemical potentials appearing in (4.37) are fixed as in (4.32) and (4.36) with m = 1 to avoid singularities in space-time. In particular, for m = 1, −µ M is the inverse Hawking temperature of the space time and µ J is related to the chemical potential of the angular momentum J of the system. As it is clear from (4.38), for static configurations with N = 0, the system can have non-zero angular moment due to the presence of the internal gauge fields, a feature that was also observed in [16] .
Thermodynamics of the Solution
So far we have presented the space time metric (4.37) in the usual Bondi coordinate. In this coordinate, the space time does not have any singularity. To understand the geometry better, following [34] , let us rewrite the metric in Schwarzchild-like (ADM) coordinates as,
where we define new coordinates as t = u − f (r) and ϑ = φ − g(r) and
Here, with (4.38) we use compact notationsÃ as the coefficient of dudφ andB as the coefficient of du 2 in the above metric (4.37):
Let us consider M − 1 48α ρ a ρ a ≥ 0, hence a solution satisfying the energy bound (3.24) . Under this condition (4.39) represents a cosmological spacetime . In (t, r, ϑ) coordinate, the function N 2 vanishes at the hypersurface r = r c , (N 2 ) r=rc = 0. This hypersurface is in fact a cosmological horizon and requiring r c > 0 gives:
To understand the nature of the horizon r c , we write the above metric in a different coordinate system. For the region of the space time where r > r c , let us define new coordinates (T, X, ϑ) as,
Similarly for the other region r < r c , we define (T , X, ϑ):
In these coordinates, the space time metric is given by:
Thus in the outer region r > r c , we have a cosmological space time of topology R × S 1 × S 1 , a solid torus. Both S 1 factors have periodicity 2π, the radius of the ϑ circle is fixed to r c , while the radius of the X circle is T dependent. It is also clear that, in the outer region we have closed space-like geodesics whereas in the inner region we can have closed time-like geodesics, as X is a time-like coordinate in the interior. Thus, we readily conclude that r = r c is a Cauchy horizon [9] . To avoid closed time-like curves, we cut the space-time at r = r c . It can also be checked that r = r c is also a killing horizon. Finally, we can compute the Bekenstein-Hawking entropy associated with this class of Cauchy horizons:
(4.45)
As expected, the entropy of the system is completely determined by the zero mode solution. Alternatively, the entropy can be found using the Chern-Simons gauge field:
and plugging in the expressions (4.32), (4.36) for the chemical potentials, the entropy reduces to:
which matches with (4.45) for m = 1. The choice of m = 1 sector is obvious, as only this sector is connected to the standard cosmological space time (4.37).
Discussion and Outlook
With this paper we completed the detailed analysis of fall-off conditions necessary to obtain all the supersymmetric extensions of the BMS algebras, presented in [12] . In the maximal N -extended super-BMS 3 case analyzed here we find non-linearity in the asymptotic algebra and modifications to the energy bounds for asymptotic states. Unlike N = 4, 8 super-BMS 3 studied respectively in [17] and appendix B of this paper, the non-linearity does not disappear after Sugawara-shifting the energy-momentum generators 13 . Furthermore, we have shown that circular symmetric solutions that are flat cosmologies, satisfying M − 1 48α ρ a ρ a > 0, are not supersymmetric. Similar results hold for abelian R-symmetry algebra as discussed in [16] . There are three other distinct kinds of solutions [9] that would appear for different conditions on the fields as presented below :
ρ a ρ a = 0 : this class corresponds to null orbifold solutions [35] . Here the asymptotic killing spinors (3.26) are degenerate and only half of them are independent. Hence this class of solution is only asymptotically half supersymmetric.
ρ a ρ a < 0 : conical defect solutions [36, 37] , satisfying the energy bound and asymptotically full supersymmetric.
: conical surplus solutions that do not satisfy the energy bound. These solutions are not interesting from a cosmology perspective but are nevertheless non-trivial configurations of 3D gravity. Detailed discussions on the thermodynamics of their R-symmetry-abelian counterparts can be found in [16] and references therein. For the non-abelian R-symmetry cases studied in this paper, most of the physics will be similar and hence we do not present the details here. Let us end the paper with some interesting outlooks. It is known that 3D gravity solutions with non-trivial topology correspond to stress-energy tensors a two dimensional theory. It comes from the relation between a Chern Simons theory with a boundary and an associated chiral Wess-Zumino-Witten model [38] [39] [40] . As we have already seen, the non-trivial boundary for the Chern Simon theory (in our case the torus) comes from generic asymptotic fall off conditions on the gauge fields. It has been shown in [41] for ordinary BMS 3 and in [42] for N = 1 super-BMS 3 that one needs to add a suitable boundary term to the action for variation principle to go through. The fall off conditions also provide extra constraints to the Wess-Zumino-Witten model. Finding a similar two dimensional description for N -extended super-BMS 3 obtained in this paper would provide a complete set of such 2−dimensional theories that will act as dual to 3D asymptotically flat supergravity theories.
The second point is more generic and is related to the issue of understanding the implications of these infinite dimensional 3-dimensional asymptotic symmetries on the dynamics of the corresponding two dimensional theory. As in 4-dimensional gravity, we know [43] [44] [45] that the Ward identities of BMS 4 symmetries are related to bulk gravitational soft theorems. Interestingly, it has been very recently noticed by Barnich [46] that in 4-dimensions there are also boundary degrees of freedom and they are highly constrained by BMS 4 . In fact it has been proposed that the classical contribution to Bekenstein-Hawking entropy comes from these degrees of freedom. In the 3-dimensional case, there is no bulk graviton and hence we do not have a notion of soft theorem but the boundary theory and boundary degrees of freedom do exist. It would be interesting to study the of BMS 3 symmetry on their counting. Although the above issue is not directly related to study of this paper, but having (maximal)supersymmetry in the theory is technically helpful in counting the corresponding degrees of freedoms. We plan to report on this in future.
A Conventions
In this paper we follow conventions similar to [14] . The antisymmetric Levi-Civita symbol has component ǫ 012 = −ǫ 012 +1 and the tangent space metric is the 3D Minkowski metric
The Γ-matrices satisfying the three dimensional Clifford algebra {Γ a , Γ b } = 2η ab are:
with σ i the Pauli matrices:
Finally, the charge conjugation matrix C = iσ 2 , or explicitly
Throughout this paper the fermionic indices p, m run over −, + (contrarily to [14] where they run over +, −). The supercharges are also taken to be Grassmann quantities, as the fermion parameters and the gravitinos. All spinors in this work are Majorana and the Majorana conjugate of a spinor ψ α p is ψ α p = C pm ψ αm . Here α, β are internal indices. Our conventions imply that we can use the identities
(A.52)
In verifying the closure of the supersymmetry algebra on the fields and the off-shell invariance of the action, the three dimensional Fierz relation is useful.
Other useful identities are:
where ψ, η are Grassmannian one-forms, while ǫ is a Grassmann parameter. It is sometimes convenient to change basis of the tangent space to one more suited for the sl(2, R) algebra in the bosonic sector of flat space supergravity. We do this by choosing a map to bring the generators of SO(2, 1) satisfying the commutator relations
This defines a matrix U a n such that:
An explicit representation of U a n is for instance A real representation for the gamma matrices with n, m indices can be obtained by takingΓ n = U a n Γ a , or explicitly:
In addition to the usual Clifford algebra, the gamma matrices now satisfy the commutation relations
which is exactly the sl(2, R) algebra.
B N = 8 Super-BMS 3
In this appendix, we demonstrate how the N = 8 super-BMS 3 algebra does not get non-linear extension in the supercharges anticommutators. To do so, we prove this is the case for the asymptotic symmetry algebra for 3D AdS gravity with N = (4, 4) supersymmetry. The gravitinos transform under the defining representation of the SU(2) R-symmetry. The global super conformal algebra reads:
The asymptotic gauge field we start from has the form:
Let us take the supertrace elements as
and the generic gauge parameter
From the gauge variations, we first compute the constraint equations:
where ǫ + a,± = ǫ a,± and χ + = Y .
The other variation equations read:
The charges are obtained from :
Hence we get
We then derive the asymptotic algebra by using the relation
The Poisson brackets are
Where the modes are defined as follows:
By adding the Sugawara term
, and the supercharge anti-commutator takes the form:
. Note that the second and third term in the previous anti-commutator combined give the modified Sugawara generator L ′ α+β so that the non-linear terms are absent in the final Poisson bracket. Thus, we see that the asymptotic AdS algebra will not have any non-linearity in the R-symmetry charges. As a consequence, the corresponding asymptotic flat N = 8 Super-BMS 3 algebra will also present no non-linearity.
C
AdS analysis and flat-space identifications
and similarly for the anti-chiral sector. The structure constants of the above algebra are the same as defined in section 3. We begin with two such identical copies of Superconformal algebras. To get the asymptotic quantum algebra, let us begin with the gauge fields and generic variation parameters for the two copies of AdS:
where
, where c is the central charge of the quantum superconformal algebra. Asymptotic gauge transformations δA = δλ + [A, λ] generate the asymptotic symmetries of the theory. The generic variation parameters are:
AdS unbarred Sector Variation:
Here we present the constraints on the parameters and the variations of the independent fields:
AdS Barred Sector Variation:
Similar computations for the barred sector will give: 
Identification with flat fields and generators:
Using these above relations, one can find the corresponding constraints and variations for the gauge field A (3.15) and gauge transformation parameter Λ (4.28) that gives the asymptotic symmetry for the 3D flat space time. Specifically:
Using this identification the map for the charges is the following:
and the parameters are scaled as:
The modes of the charges are defined as follows: Using these identifications, the final Asymptotic symmetry algebra for flat 3D space time has been obtained in (3.20) .
D Asymptotic gauge Field and gauge parameter for maximal extended super-BMS 3
The above form of asymptotic gauge fields needs to be modified for the right asymptotic algebra (3.22) , as mentioned in section (5). The modified most generic gauge field was introduced in (4.27). Here, we find the right gauge transformation parameter that finally gives us (3.22) . The most generic transformation parameter has the form , Λ = ζ n M n + Υ n J n +λ The constraints and variations are given by: 
